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ABSTRACT

We propose to measure polarization observables of 3IT<;( €.e'n) in the quasielastic region
to extract the neutron electric to magnetic form factor ratio (G%/G%). We plan to use
the HRS spectrometers and large arrays of scintillation detectors to detect electrons and
neutrons on both sides of the beam line. The high density target is based on existing
techniques for polarizing helium by alkali spin exchange. Two beam-target asymmetries
in the scattering plane and the normal target asymmetry are all measured to control
systematic uncertainties. The anticipated relative precisions in the form factor ratio
(2%, 6% and 17%) correspond to uncertaintics of 0.0011 in G% at 0.51 GeV/c?, and
approximately 0.0015 at 1.38 and 3.37 GeV/c?.
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1. Introduction

The neutron electric form factor has been the subject of considerable theoretical
and experimental investigation. Because the main component of ths nuzleon wave
function is svmmetric, the structure is directly sensitive to small admixtures in the
wave function due to the negative pion cloud, color magnetic forces RS Lioher arder
diagrams in QCD, presumably at different values of momentum transfer. While the
neutron charge radius has been measured by scattering free neutrons froin electrons,
higher momentum transfer measurements must be performed using lepton beams on
neutrons bound in nuclei. Deuterium and *He are the natural choices. Due to the
fundamental importance of neutron properties, the possibility of form factnr medium
modifications due to binding, and the substantial differences in the technologies available
for the targets, measurements from neutroas in both of these nuclei should be performed.
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Fig. 1. Deuteron elastic charge scattering data plotted as a deviation from the cross section
calculated using wave functions given by the Paris potential. A parametrization of the neutron
electric form factor that provides agreement with the data is indicated by the solid line. A direct

measurement of G} extracted from polarized 3E(E.e’n) from Mainz is indicated by the large
data potnt.

Previous extractions of the neutron form factor from unpolarized measurements
have been mode! dependent or insensitive. Precision measurements of the deuteron

electric form factor have been analvzed in the context of wave functions dertved from

)

- . 2.3 C . . .
non-relativistic potential models, providing a bhest fir with a positive value of the
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form factor, G'% around 0.04 in the vicinity of 0.5 GeV/c2. A Rosenbluth separation
of quasielasti: electron scattering from deuterium performed recently *) gave values of
(G%)* consistent with zero. The error bars were also consistent with most credible
theories.

Polarization observables enhance the sensitivity to small componenrs of ,.1::'-on
structure. Polarized 3He provides, to a good approximation, a target of highly po-
larized neutrons with an almost unpolarized proton background. Coincidepce (¢,e'n)
measurements can be used to identify the struck nucleon as 3 neutren, and remove the
proton background. The formalism of electron scattering from free neutrons is presented
in Chapter 2.

Several groups have developed proposals to measure quantities related to the neu-
tron electric form factor with polarized electrons and polarized *He. Experiments to
perform inclusive scattering measurements on 3He have been performed>'®) and con-
tinue at the MIT-Bates accelerator. A plan by MIT, Caltech and others” to extend
these measurements to internal targets using the Bates Large Acceptance Spectrometer
Toroid (BLAST) is approved. These proponents also describe®) an inclusive scattering
measurement using CLAS to extract G%, currently conditionally approved.
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Fig. 2. Electron spectrum measured 11 e slass detectors ar Mainz associated with
foincidence {e.e'n) events. Events associate vith A production fimit the precision.
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The A3 collaboration ®) at Mainz adopts a different strategy. Dy Loo ool s mea-
suremnent on exclusive (e,e’n) they suppress much of the model dependence and the
dilution associated with scattering from the protons in 3He. A large acceptance Ph
glass wall and an air Cerenkov detector identify electrons while a scintillator wall mea-
sures neutron time-of-flight. A first measurement of G%& was recently evtracied from
their measured asvmmetries. (Fig. 1) Improvements in the detector acceptances and
target density will significantly reduce the statistical uncertaimty. Svstematic effects as-
sociated with insufficient electron energy resolution to exclude pion production channels

contribute 10% to the systematic uncertainty (Fig. 2).

We propose to measure the polarization response of aﬁ;(é',e'n) in the quasielastic
region. The primary goal of this measurement is to extract the ratio of the neutron
electric to magnetic form factor to high momentum transfer. Measuring two points
ot the angular distribution of the asymmetry simultaneously reduces the experimental
systematic uncertainty. The kinematics where the target polarization is nearly perpen-
dicular to the momentum transfer provides a measurement of the ratio of G&/GRy that
is insensitive to the polarization of the beam and target, even insensitive to the frac-
tional polarization of the neutron in the *He wave function. The kinematics where the
target polarization is nearly parallel to the momentum transfer provides an asymmetry
measurement that depends principally on the beam and target polarization (and kine-
matic factors). Measurement of the normal asymmetry, 492

¥
approximation. provides a benchmark calibration of higher order processes. This mea-

, Which vanishes in impulse

surement helps to control “theoretical systematic uncertainty”. We propose to measure
the three nonvamshing asymmetries at Q2=0.51. 1.38. and 3.38 GeV/c?.

We have fabricated a prototype high pressure, polarized 3He target based on the
alkali spin exchange technique already in use at several laboratories. The most signif-
icant new features of our target are its small volume and thin windows. The details of
the target are presented in Chapter 3. We also describe in that chapter the neutron
detection apparatus and its particle identification and shielding requirements.

In Chapter 4 we present the plan for the measy rement. We first describe the selected

. —_— —_ - .
Kinematics of the quasielastic ®He(&.e’n) measurements. We calculate the counting rates
and asymmetries using Monte Carlo simulations mcluding detector acceptances and
efficiencies. We then estimate the statistical 2 systematic precision of the extracted
ratio of (% /G %, (translated into an uncertimey in G, We request 30 days.
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2. Quasielastic scattering from a polarized 3ie target

The cross section for the inclusive scattering of longitudinally polarized electrons

: . 10,11
from a polarized target is:' )

dea

A dw

=T £ A(9%,9")

where 8* and ¢* is the spin direction of the target relative to the momentum transfer
q vector and the plane of the electron scattering. The + corresponds to the helicity of
the incident electron. The spin independent and spin dependent terms are:

S=dromf oL Ry 4 vr Ry
A= —dromf " ecos 8% vri Rps + 2sin 8* coso™ v Ry

where the respouse functions Ry, Rr. Rr, and Ry depend on the four-momentum
transfer @2 = ¢% — w2 > 0. The Mott cross section o, the recoil factor £, and the

kinematic factors v's are given by
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. Eg. M. and 6, are the fine structure constanr . the incident electron energy. the target

mass (the neutron mass in this case). and 'l o lectron scattering angle. respectively.
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For the specific case of electrons scattering from polarized (freg) » zutrous, the roin
independent and dependent parts are written:

C = O'Mf_l[‘UL(l + 7)2( ;%): + QT(l + T)UT(GR/[)EJ

A= —omSTHR7(L + T)er cos 85 (G Ry )

=20+ 7)27(L + Tlerpesin 8™ cos 0GR GR]

where 7 = Q2/4.M7.

A measurement with the momentum transfer § direction paralle! *< tive target spin
maximizes sensitivity to R, while a measurement with q perpendicular to the target
spin accesses the response function R’ -, proportional to G%. Itcan be shown, however,
that the asymmetry (A/Z) is sensitive only to the ratio of G e/Gar by dividiag A by
T and factoring out the common (G¥;)%. The asymmetry is revealed as a function of
a single physical quantity, G%/G7, and kinematic factors. Setting g = G% /G, gives

{= A 2rvprcosdT — 2/ 2r(1 + rluryisin8* cos o™ g
A= 5 = — ) 5

ve (1 +7)g” + 2rvp
Neglecting (for demonstration purposes) the term proportional to g2, we get:
Aexp = pebnlkycos8” + kasing* coso®y)

where p. and p, are the electron and neutron polarizations and &, and k» are trivial
kinematic factors.

The angular distribution of the asymmetry in the region with the § direction per-
pendicular to the target spin provides a good measure of G&/GYr. Location of the
kinematics where the asymmetry vanishes, for exaimple, provides substantial sensitivity
to G&/GRy but with no sensitivity to the heam and target polarization.!?’ Conversely
the dominant term in the parallel asymmesry depends on kinematic factors and the
beam and target polarization. providing a continuous polarization monitor. Qur choice
of target angles emphasizes determination of the zero asymmetry kinematic region in
ohe of the HRS spectrometers. while the other measures a large asymmetry that is

nearly independent of G%/G%,.
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3. Experimental Detaijls
3.1 TARGET

The target technology we have selected for this measurement has been developed
over the past 8-10 years by the Princeton group. ') and used in several measurements at
several laboratories. The high density and high polarization offered by this technology
provides an excellent figure of merit for studies where maximum density is important.
It has already been used very successfully for a deep inelastic scattering measurement
at SLAC that had target requirements similar to ours. Furthermore, refinements of this
technology continue to offer improvements in performance. It is appropriate to mention
that an alternative technology is being pursued at Mainz in which helium nuclel are
polarized by metastability exchange and compressed. This technology has also provided
excellent performance and offers further improvements as well. We discuss bhelow our
plans in terms of the SLAC spin exchange target parameters, and outline briefly our
program for improvements.

We will use a *He target pressurized to 10 atmospheres of helium, or 2.7x 1029 /¢m?
over a length of 15 ¢m, for a total thickness of 4x102! /em? or 20 mg/cm=. A beam
current of 25 pA (1.5x101*) will provide a luminosity of 6x 1035 electron-*He/cm?sec.
The extended target acceptance of the HRS of 10 cm allows essentially all of the target to
be viewed at the refevant scattering angles between 50° and 70°. A new concave inward
design for the window **) has been developed at UNH and tested at 5 atmospheres
without beam. In-beam tests are planned at Bates. It may be kept in mind that if
beam related failures of the glass window under high pressure becomes a concern, the
target cell may be placed in an environment pressurized to 10 atmospheres without
substantial difficulty.

The He target is polarized by optically pumping an alkali metal vapor (rubidium)
which spin exchanges with heltum. Circularly polarized light of 795 nm (the D, line) is
absorbed by s-shell electrons with the opposite spin, promoting them to the p1/2-shell.
Subsequent collisions with helium and nitrogen mix the p-shell polarization and promote
nonradiative decays to the ground state. with equal probability for each spin state.
The depletion of one spin state leads to accumulation of rubidium atomic polarization.
Polarization is transferred to helium nuclei through the hyperfine interaction during
collisions.

‘The design uses two cells. a pumping cell and a target cell. The pumping cell is
mamtained at elevated temperature. adjusted to control the rubtcium vapor pressure.
[t s located 5 ¢ off-axis and at an ancie of 53° with respect to the beam. [t must

-

{
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Fig. 3 The SLAC E142 aikali spin exchangs helium target.
propose differs only in the cell diameters anii "1 window design.

The targes design we
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be fuily illuminated to maximize the polarization. The target cell 1s held at = lower
temperature to assure that the rubidium plates out on the transfer tube and does not
enter the target cell. (Fig. 3) Target polarization is measured by adiabatic fast passage
nuclear magnetic resonance. An integrated measure of heam polarization times nentron
polarization is extracted from one of the scattering asymimetries.

Colneidence quasielastic scattering from neusrons in 100 torr of nitrogen contributes
a 14% dilution over the volume of the cell. Coincidences from scattering <l of neutrons
in the glass windows can be eliminated by electron track reconstruction. Scattering from
nitrogen is measured with an equivalent target of the same geometry (with additional
nisrogen) and subtracted. While remaining uncertainties in this dilution coatribute to
uncertainties in the cross section, they do not contribute to uncertainties in the extracted
ratio of electric to magnetic form factor. We continue seeking design possibilities that
reduce the nitrogen thickness. We are considering the use of 15N to remove any question
of partial neutron polarization arising from any nitrogen polarization.

The largest source of rubidium depolarization is wall contact, which must be over-
come with laser intensity. We intend to maximize the polarization by reducing the
diameter of the pumping cell, minimizing the surface area and concentrating the laser
power. A simple analysis indicates that significantly higher rubidium densities can be
pumped at fixed laser power, leading to substantially faster polarization rates. While
we use the parameters of the SLAC target for our estimates, we intend to develop a
target with pumping cell and target cell diameters of 5 mm. First prototype tests are
underway.

3.2 MAGNETIC FIELDS

The quantization axis is provided by a set of Helmholtz coils. The diameter is chosen
as large as possible to provide a maximally uniform field. while maintaining clearance
from the quadrupoles Q1 in the forward position at 90 ¢m. We choose a radius of
60 cm. A slightly larger Helmholtz pair is oriented perpendicular to the first. This
coil set will be used for slow polarization rotation and reversal, and also for providing
the quantization axis during adiabatic fast passage nuclear magnetic resonance (the
polarization will be measured in a different orientation than the data taking to simplify
the pickup cotl design).

The magnetic field from Q1 in the vicinity of the rarget reaches a maximumon order
of | gauss. We intend to suppress strav magnetic fields from the quadrupoles Ql using
a field clamp. We are planning to study the offectiveness of a “doughnut™ shaped tron
plate mounted 15 cm from the quadrupole apertare in providing a return path for stray

9
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flux. If necessary a similar sheet of mu-metal will be added a short distance in tront of
the plate.

The angle of the quantization axis is slightly different for the three measurements.
ranging from 42.833° at the lowest momentum transfer to 57.75° at the highest momen-
tum transfer. Since the glassware requires a single photon polarization a.ais (Ciosen at
557)
misalignment.

, a 2.3% loss of polarization at the lowest momentum transfer will be due to this

Magnetic fields associated with the beam current are of little significance to depo-
larization since the repetition rate is far from resonance with the Larmor precession of
the nucler.

3.5 NEUTRON DETECTION

Neutron detection is performed by scintillation detectors. Twenty existing fully
instrumented neutron detectors 1 m by 1/2 m by 10 cm will be provided by the Hampton
group. Requests for additional detectors have been submitted to the funding agency. We
have designed our measurement around two stacks of such scintillators, one of them 4
by 4 to form a detector | m by 2 m by 40 ¢m to measure the parallel asymmetry.
and one of the 6 by 4 to form a detector 1 m by 2 m by 80 cm to measure the
perpendicular asymmetry. Each stack will be preceded by 4 veto detectors identical
in planar dimensions but only 1-2 cm thick. A total of 40 thick detectors and 8 thin
detectors are planned. A potential neutron detection efficiency (without shielding) of
47% is possible. We assume transmission of 80% through the shielding, vielding total
neutron detection efficiency of 37%. (Fig. 1)

The dimensions of the neutron detectors were optimized using the Monte Carlo
program MCEEP. ') The acceptance of the neutron detectors was varied by trial and
error, and the rates calculated by MCEEP were compared. The acceptance which gave
about 90% of the maximum rate were chosen to keep the size of the neutron detectors
within reasonable limits. A solid angle of 300 mr (horizontal) and 600 mr (vertical)
satisfied this criterion. determining the aspect ratio of the stack mention above. The
detector stack will be placed 4.25 m from the rarget.

GEANT simulations have heen perforined to study the forward shielding require-
ments of the neutron detectors. These ~nunlations identify Moller electrons as the
principle contribution to the hackground rire A forward shield of low-Z material was
shown to eliminate these electrons by nimiple seattering while preserving the neutron
flux more effectively than a high Z nwoioo 0 Ly radiation).



Untversity of New Hampshire

Fig. 4. Diagram of the neutron detector to be used in the measurement, including the front
shield and charged particle veto.

Considerable experience exists within the proponents of this measurement on the
design and installation of shielding of non-focusing detectors. In fact the lack of sub-
stantial and versatile shielding resources within Hall A has been identified by the Hall A
Collaboration as a concern. Through simulations and beam tests, this collaboration will
work closely with CEBAF staff and engineers in designing specific shielding issues re-
lated to this measurement, as well as addressing general shielding issues for nonfocusing
detectors in Hall A.

3.4 BEAM POLARIZATION

A high current high polarization photocathode will be used for this experiment,
providing 75% beam polarization. Condensed matter researchers at New Hampshire are
preparing to contribute to the development and fabrication of reliable high efficiency
photocathodes. Beam polarization wiil be measured by Moller polarimetry, to a pre-
cision of approximately 3%. This uncertainty does not contribute significantly to the
final result.

11
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4. Plan for measurement of quasielastic asvmmetries to extract GL/CY

We describe our plans to measure quasielastic asymmetries in 3E_I—f;(é"efn) to deter-
mine the ratio of the neutron electric to magnetic form factor. Three asymmetries are
measured, two of them simultaneously. The first asymmetry is chosan ot kinemztics
where the asymmetry nearly vanishes. but the theoretical dependence of the asymmetry
on she neutron electric form factor is a maximum. This asyminetry is close to the “per-
pendicular asymmetry.” (Fig. 5) The second asymmetry is measured near where the
theoretical dependence of the asymmetry on G% vanishes, but the asymmetry is large
and depends on kinematic factors. This asymmetry is close to the “parallel asymmetry,”
and is measured simultaneously with the first. Finally the normal target asymmetry
Ag 1s measured separately, providing a calibration of the final state interactions and
meson exchange currents. (Fig. 6) Measurement of this asymmetry uses only 2.5 days,
but may be critical in interpreting the other measurements at a high level of precision.

-0,5 1
| \ . ' N
o) Q.2
2 2
Q¢ (GeV/e)
Fig. 6. Final state interactions and meson exchange rurrents can modify the impulse
approxiumation description of the quasifres nsvmimerries. particuiarly atlow inomentum transters.

. i . . . ) 18
Measurement of the normal asymumetey prosuies 1 catibration of theoretical correetinns.
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4.1 KINEMATICS

We choose three sets of kinematic parameters for this measurement. (Fig. 7) The
lowest. @2 at 0.5 GeV/c? provides a high statistical precision kinematics to compare
with previous measurements. to check out the insttcumentation. aud (3 «5.. . .. ious
cuts on the data. The two high momentum transfer points provide excellent statistical
and systematic precision for Q= = 1.4 and 3.4 GeV/c?. The normal cynietry Ay is
measured for the lower two kinematics only.

The requirement to measure two exclusive asymmetries simultaneously place con-
straints on these choices. Both sides of the beam line have spectrometers and neu-
tron detectors. The spectrometers and neutron detectors are placed symmetrically in
quasifree kinematics chosen to minimize the angle between them. This choice minimizes
the momentum transfer and maximizes count rate for each choice of beam energy.

TABLE 1
Kinematics for asymmetry measurements (GeV)
£y Q* T w fe 4 s
0.8 0.51 0.763 0.271 66.48° 39.48° 42.83°
1.6 1.33 1.384 0.733 59.77° 32.77° 49.19°
3.2 3.38 2.567 1.794 51.29° 25.30° 57.76°

At the highest momentum transfers the A\ production peak and the quasielastic
peak merge. (Fig. 3) The missing energy resolution is insufficient to fullv discriminate
against pion production. It is at these highest momenta where kinematic focusing
concentrates the quasifree neutrons into a smaller aperture. Nucleons associated with
the A production peak are emitted into larger angles. We are examining the possibility
of selecting events based on the location of the detected neutrons in the scintillator
stack. (Fig. 9)

4.2 ESTIMATED RESULTS

We estimated the counting rates using the factorized form for the coincidence cross
section for a quasielastic nucleon knockour reaction in PWIA. The coincidence cross
section can be expressed as a product of o kinematic factor times the (off-shell) elastic
electron-nucleon cross section (e n ) tines A spectral function (momentiuin distribution
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where pn and En are the momentum and total energy of the recoil nucleon. and p,, and
E'm are the missing momentum and missing energy of the unobserved particle. The off-
shell electron-neutron cross section is calculated using the “cel™ cross section proposed
by de Forest. Losses of 20% of the events cue to eiectron radiation was assumed. A
Monte Carlo program MCEEP '7) was used to estimate the coincidence counting rates.

We present counts. asvmmetries. and uncertainties for each of three kinematics
i Table 2. Asvmmetries quoted are based on the CGalster model of C'% (undiluted
by experimental polarizations).  Uncerramries are based on a beam polarization of
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75% and target polarization of 40% (average neutron polarization of 3L70). While the
quantity extracted from the measurements is the ratio of GE/GT,. the uncertainties
are represented as uncertainties in G (with Gy = paG o, and the dipole form factor
Gp =(1+Q%/0.71)=2). Plots of the extracted ratio g as well as these data converted
to uncertainties in G = —7G L, /(1 +5.67) are shown in (Fig 10 <tk oue v3iie ares
of the experimental precision. We request 30 days.

4.3 INSTITUTIONAL COMMITMENT

The University of New Hampshire group has had for many vearz an MOU to design
and implement the Hall A trigger for the two HRS spectrometers. John Calarco is
leading that effort. The design work is now complete, and the first batch of electronics
1s being purchased. The UNH group also has a collaborative effort with the UNH
Atomic Physics group to fabricate a polarized target for an approved experiment at the
Saskatchewan Accelerator Laboratory. We intend to provide a similar target for these
measurements.

The Hampton/Kent State University collaborators intend to provide fully instru-
mented neutron detectors for this measurement. Several counters are presently available
and more have been included in their present funding request.
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